A computer model of biofilm dynamics was adapted to incorporate the activity of an antimicrobial agent on bacterial biofilm. The model was used to evaluate the plausibility of two mechanisms of biofilm antibiotic resistance by qualitative comparison with data from a well-characterized experimental system (H. Anwar, J. L. Strap, and J. We l2osterton, Antimicrob. Agents Chemother. 36:1208Chemother. 36: -1214Chemother. 36: , 1992. The two mechanisms involved either depletion of the antibiotic by reaction with biomass or physiological resistance due to reduced bacterial growth rates in the biofilm. Both mechanisms predicted the experimentally observed resistance of 7-day-old Pseudomonas aeruginosa biofilms compared with that of 2-day-old ones. A version of the model that incorporated growth rate-dependent killing predicted reduced susceptibility of thicker biofilms because oxygen was exhausted within these biofilms, leading to very slow growth in part of the biofilm. A version of the model that incorporated a destructive reaction of the antibiotic with biomass likewise accounted for the relative resistance of thicker biofilms. Resistance in this latter case was due to depletion of the antibiotic in the bulk fluid rather than development of a gradient in the antibiotic concentration within the biofilm. The modeling results predicted differences between the two cases, such as in the survival profiles within the biofilm, that could permit these resistance mechanisms to be experimentally distinguished.
A computer model of biofilm dynamics was adapted to incorporate the activity of an antimicrobial agent on bacterial biofilm. The model was used to evaluate the plausibility of two mechanisms of biofilm antibiotic resistance by qualitative comparison with data from a well-characterized experimental system (H. Anwar, J. L. Strap, and J. We l2osterton, Antimicrob. Agents Chemother. 36:1208-1214, 1992). The two mechanisms involved either depletion of the antibiotic by reaction with biomass or physiological resistance due to reduced bacterial growth rates in the biofilm. Both mechanisms predicted the experimentally observed resistance of 7-day-old Pseudomonas aeruginosa biofilms compared with that of 2-day-old ones. A version of the model that incorporated growth rate-dependent killing predicted reduced susceptibility of thicker biofilms because oxygen was exhausted within these biofilms, leading to very slow growth in part of the biofilm. A version of the model that incorporated a destructive reaction of the antibiotic with biomass likewise accounted for the relative resistance of thicker biofilms. Resistance in this latter case was due to depletion of the antibiotic in the bulk fluid rather than development of a gradient in the antibiotic concentration within the biofilm. The modeling results predicted differences between the two cases, such as in the survival profiles within the biofilm, that could permit these resistance mechanisms to be experimentally distinguished.
It is widely recognized that bacteria colonizing a surface as a biofilm can be much more resistant to antimicrobial chemotherapy than are their planktonic counterparts (4, 14) . The reduced susceptibility of attached bacteria becomes crucial in the treatment of infections such as those associated with medical implants or cystic fibrosis (4) . Two leading hypotheses have be.en advanced to explain the persistence of biofilm infections. The first hypothesis relates to antibiotic transport. According to this hypothesis, antimicrobial agents fail to fully penetrate the biofilm, so that in some regions of the biofilm, bacteria simply are not exposed to effective concentrations of an antibiotic (4, 10) . The second explanation postulates that physiological differences of sessile cells, for example, low growth rates, reduce the susceptibility of microorganisms in the biofilm mode of growth (3, 8) .
Both the transport-related and the physiological explanations for biofilm resistance to 994-6098. to incorporate either of the two resistance mechanisms, with data from a well-characterized experimental system (1) . The purpose of this investigation was to assess whether either mechanism, when analyzed quantitatively in terms of its constituent phenomena, could capture the qualitative behavior of the experimental data. A second objective was to discover differences between the predicted behaviors of the two mechanisms that might allow them to be experimentally discriminated.
MATERUILS AND METHODS
An existing computer model of biofilm dynamics (9) was adapted to describe the activity of an antimicrobial agent on biofilm. This model was developed by researchers at the Center for Biofilm Engineering on the basis of the conceptual and mathematical formulation described by Wanner and Gujer (25) . Its The biofilm model applied in this investigation incorporated processes of bulk flow in and out of the reactor, diffusion of dissolved species within the biofilm, substrate consumption by bacterial metabolism, bacterial growth, advection of cell mass within the biofilm, cell detachment from the biofilm, and antibiotic killing. Advection refers to the displacement of cells (21, 25) . The interaction of an antibiotic with the biofilm was modeled in two different ways, simulating an explanation for biofilm resistance involving either physiological reduction in susceptibility or antibiotic consumption. In both cases, live cells could be converted to dead cells by the presence of the antibiotic. The importance of physiological gradients was captured in the first case by making the rate of conversion of live to dead cells first order in the antibiotic concentration and directly proportional to the local specific growth rate of the live cells. This second feature incorporates the known growth rate dependence of killing of P-lactam antibiotics (23) and tobramycin (7) . For this first case, it was assumed that the antibiotic did not react with system components or biomass. In the second case, the antibiotic was allowed to react with live and dead cells at a rate that was first order in both biomass and antibiotic. The kill rate was made independent of the growth rate in this second case.
Parameter values used in the simulations and their sources are recorded in Table 1 . Biofilm thicknesses and biofilm areal cell densities were converted by using an average biofilm cell density (s,p,) of 4,700 g of carbon per mi3, obtained by review of extensive measurements on Pseudomonas aeruginosa biofilms (6, 17, 20) . To compare experiment and theory, the data described by Anwar et al. (1) were converted from CFU per centimeter of tubing to CFU per square centimeter by using the surface area of the tubing pieces, which was calculated to be 3.47 cm2/cm. By this conversion, 2-day-old biofilms had an areal cell density of 9.5 x 106 CFU/cm2 and 7-day-old biofilms had a density of 6.0 x 108 CFU/cm2.
RESULTS
A biofilm accumulation model was used to simulate the experimental results described by Anwar et al., in which chemostat-grown P. aeruginosa biofilms were treated with a combination of tobramycin and piperacillin. The first simulation involved matching biofilm accumulation data before antibiotic therapy was initiated (Fig. 1 ). Three parameters were varied to achieve the fit. Each parameter corresponded to information contained in distinct features of the experimental data: the initial biofilm areal cell density, final biofilm areal cell density, and the rate of biofilm accumulation. The initial amount of biofilm, input to the model as a biofilm thickness, was obtained from the areal cell density reported by Anwar The identical model configuration and parameter values that described biofilm accumulation (Fig. 1 ) also predicted gradients in oxygen concentrations and specific growth rates within the biofilm (Fig. 2) . Again, these simulations considered the situation in a growing biofilm before antibiotic treatment. Whereas 2-day-old biofilms exhibited negligible gradients across their 1.4-jim depth, significant gradients were anticipated within 7-day-old, 87-jim-thick biofilms. The depletion of oxygen inside the thicker biofilms restricted the region of rapid bacterial growth to the outer 20 to 30% of the film. There are no data from the study by Anwar et al. with which to evaluate the predictions presented in Fig. 2 .
With basic parameters for biofilm accumulation determined, the model was applied to simulate two scenarios of biofilmantibiotic interaction, as described in Materials and Methods. The results from these two cases, which involved growth rate-dependent killing and antibiotic reaction with the biofilm, respectively, are presented separately below. All of the model runs incorporating antibiotic treatment simulated an 8-h period following addition of the antibiotic to correspond to the interval examined experimentally. Simulations focused on the behavior of 2-and 7-day-old biofilms, facilitating comparison with the experimental results described by Anwar et al. Model outputs of interest for these runs were the local concentration of live cells within the biofilm and the biofilm thickness at the end of the 8-h treatment period.
Biofilm resistance through growth rate-dependent killing. To model growth rate-dependent killing of the biofilm, a single additional unknown parameter, the antibiotic specific kill rate, had to be specified. The numerical value of this parameter was determined by matching the data described by Anwar et al. for survival in 2-day-old biofilms (Fig. 3) . The data and model fit both indicated a decrease in survival fraction of somewhat greater than 2 log units during 8 h. Without a change in any of the intrinsic parameters, the initial biofilm thickness was raised to 87 jim to simulate the action of an antibiotic on a 7-day-old biofilm. For the 7-day-old biofilm, both the model and the data indicated less than 1 log unit of killing. The model successfully predicted, at least in order of magnitude terms, the relative resistance of the 7-day-old biofilm compared with that of the 2-day-old one. Growth rate-dependent killing was crucial to ,um, respectively. this difference in this configuration of the model. When the rate of killing was made independent of the growth rate, 2-and 7-day-old biofilms experienced identical decreases in survival fractions (simulation not shown). . 3 . Survival in antibiotic-treated biofilms; growth rate-dependent killing simulation. Data described by Anwar et al. for treatment of 2-day old biofilm (0) were fit by adjusting the value of the antibiotic kill rate in the model (--). Without further adjustment, the model was used to predict the behavior of a 7-day-old biofilm ( ); data described by Anwar et al. for a 7-day-old biofilm are compared (0). Biofilm resistance through reaction of the antibiotic with the biofilm. Study of the reaction of the antibiotic with the biofilm examined the possibility that thick biofilms are relatively protected from antibiotics by virtue of consumption of the antimicrobial agent in the biofilm. Two unknown parameters appeared in this problem: the antibiotic kill rate and the antibiotic-cell reaction rate. In contrast to the previous case, the rate of antibiotic killing was made independent of the growth rate for this simulation; thus, the units of the antibiotic kill rate coefficient are different ( Table 1 ). The two parameters were varied to obtain a fit to the data described by Anwar et al. for killing of 2-day-old biofilms (Fig. 4) . As with the first case, the model predicted (without adjustment of rate parameters) the relative resistance of the 7-day-old biofilm, which exhibited 79% survival over the 8-h treatment duration. There were not significant gradients in antibiotic concentration within the biofilm (simulation not shown); rather, consumption of the antibiotic caused the bulk concentration of the antibiotic to diminish rapidly.
Comparison of two resistance mechanisms. Both biofilm resistance mechanisms, as manifested by the modeling runs discussed above, predicted that biofilm susceptibility to the antibiotic would decrease as the biofilm areal cell density increased (Fig. 5) . When the resistance was due to slow growth in thicker biofilms, attached bacteria became sharply more resistant at areal cell densities of greater than about 108 CFU/cm2. Below this threshold, the survival fraction was insensitive to the biofilm cell density. On the other hand, when resistance was due to consumption of the antibiotic, biofilm resistance was approximately proportional to areal cell density at all densities of less than about 108 CFU/cm2. At areal cell densities of greater than 108 CFU/cm2, biofilms in which there was reaction of the antibiotic were very resistant to killing.
The two resistance mechanisms predicted different survival patterns inside thick biofilms (Fig. 6 ). In the growth ratedependent killing case, most of the killing occurred in the outer half of the biofilm. Cells in the depth of the biofilm survived in high numbers. At the biofilm surface, the survival fraction was 0.014, whereas at the base of the biofilm, the survival fraction was 0.98. No such steep gradient in survival was observed when biofilm resistance was due to antibiotic depletion through reaction. In this case, cells survived at approximately 75% nearly uniformly across the depth of the biofilm.
DISCUSSION
A mathematical model of biofilm accumulation was applied to evaluate the plausibility of two proposed mechanisms of biofilm resistance to antibiotics. The mechanisms involved either poor penetration of the antibiotic, due to its consumption by reaction with biomass, or physiological resistance due to reduced bacterial growth rates in the biofilm. Both mechanisms predicted reduced antibiotic susceptibilities of 7-day-old biofilms compared with those of 2-day-old films, as reported by Anwar et al. (1) . This modeling study lends credence to both mechanisms (or a combination) as plausible explanations for the reduced susceptibilities of biofilm microorganisms to antimicrobial agents.
A model that incorporated growth rate-dependent killing predicted reduced susceptibility of thicker biofilms because oxygen was exhausted within these biofilms, leading to very slow growth in part of the films. In thin (2-day-old) biofilms, oxygen penetrated the biofilms fully (Fig. 2) . In these biofilms, there were no regions of slow growth; therefore, the antibiotic was relatively effective. Biofilms that were 7 days old were predicted to suffer severe oxygen limitation in about half of the biofilm, leading to a significant region of retarded growth (Fig.  2) . Cells in the slowly growing region survived the antibiotic treatment in high numbers (Fig. 6) . Biofilm resistance was also adequately explained by a model that accounted for depletion of the antibiotic through reaction with biomass. However, this was not because the antibiotic failed to penetrate the biofilm fully. Even with mature, 7-dayold biofilms, there was little gradient in antibiotic concentration across the depth of the biofilm. The resistance in this case was instead due to depletion of the antibiotic in the bulk fluid. In other words, the reaction of the antibiotic with the biomass was slow enough that concentration gradients did not develop inside the biofilm but fast enough that the antibiotic was consumed in the chemostat as a whole. This result underscores the need to consider the biofilm, whether in vitro on in vivo, in the context of a particular reactor or system configuration. Biofilm activity is intimately coupled to and dependent on the geometry (areas and volumes) and flow rates of the larger system.
In Fig. 3 and 4 , the model predicts a nonlinear kill curve for 2-day-old biofilms, whereas the experimental data suggest an approximately linear decline. The nonlinear behavior of the model is expected in all cases simply because of the continual dilution of the antibiotic in the chemostat. After 8 h, the bulk concentration of antibiotic should be reduced to 36.8% of its initial value, even in the absence of antibiotic consumption. The model correctly captures the order of magnitude of the observed response. The discrepancy between the shapes of the theoretical and experimental kill curves could be due to imperfect bulk fluid mixing in the chemostat vessel, nonlinear kill kinetics, or inherent variability in the experimental measurements.
Nichols and coworkers mathematically modeled the diffu- (14) . Particularly with complex systems such as a biofilm, mathematical modeling can aid in the interpretation of data and can guide experimental design. For example, by revealing differences in the behavior predicted by two mechanisms of biofilm resistance, the present study suggests specific experiments that could discriminate them. One quite dramatic difference between the mechanisms is the predicted survival gradient within the biofilm (Fig. 6) . Such gradients could possibly be experimentally visualized through the use of physiological stains, for example, for respiratory activity (19) or RNA (13) , or by radiolabeling and autoradiography (22 
and boundary conditions imposing the bulk fluid concentration at the biofilm surface C, = C atz = Lf fort 0 (10) and a no flux condition at the substratum .)C =Oatz=Ofort20 (11) The specific growth rate at any point in the biofilm is calculated from the local oxygen concentration according to a Monod dependence Co av K,,+Co (12) The antibiotic concentration is given by aCa a2Ca =DaT 2 krCaEcQaPx (13) with initial and boundary conditions Ca = C att = OforO cz c LY (14) Ca = Cc, atz = Lffort > 0 (15) iC =O at z=O for t>O (16) In the case in which no reaction of the antibiotic occurs, the second term in equation 13 is omitted. 
The bulk concentration of oxygen is fixed. These equations are solved numerically by a finite-difference method using a tridiagonal technique and a variable time step. Nomenclature. 
